• 11% (about 1 in 10) are homozygous for *28 (genotype *28/*28).
Reliable UGT1A1 genotyping is available using the US Food and Drug Administration (FDA)-cleared kit or through a laboratory developed test. FDA clearance provides assurance that the test is analytically valid, and the results are related to an outcome of interest, but FDA does not evaluate clinical utility.
Clinical implications
When compared with individuals with the *1/*1 genotype, individuals with the *28/*28 genotype:
• Metabolize the active form of irinotecan (SN-38) more slowly and, therefore, have a longer time-weighted exposure; • Have a significant 3.5-fold increase in the rate of severe (Grade 3/4) neutropenia (heterozygotes are intermediate with a nonsignificant 1.8-fold increase); • Have a nonsignificant 1.6-fold increase in the rate of severe (Grade 3/4) diarrhea (heterozygotes are intermediate with a nonsignificant 1.4-fold increase); and • Have a significant 1.7-fold increase in the tumor response rate to treatment (heterozygotes are similar to the reference category, with a nonsignificant 1.1-fold increase).
Clinical utility of UGT1A1 genotyping
The clinical utility of routine reduction of initial irinotecan dose in *28 homozygotes based on UGT1A1 genotyping is unknown. No study has prospectively documented the potential benefits (reduced adverse drug events) or harms (reduced proportion of responsive tumors).
Clinical caveats
• Some evidence exists that when lower doses of irinotecan are routinely used, the lower rate of adverse drug events is not related to UGT1A1 genotype. However, the clinical effectiveness of lower dosing is not clear.
• Selective genotyping based on patient preferences is possible. Among those individuals wanting aggressive treatment, genotyping might allow higher dosing among the 
BACKGROUND AND CLINICAL CONTEXT FOR THE RECOMMENDATION
CRC is the third leading cause of new cancers in the United States, with nearly 150,000 cases diagnosed per year in 2007. More than 52,000 deaths from CRC were expected in 2007. 2 In patients with newly diagnosed CRC, staging of tumors is performed to determine the extent and location of the tumor, to inform appropriate treatment strategies, and to provide information on prognosis. 3 For the 70 -80% of patients who present with "apparently resectable localized disease;" optimal treatment is usually considered to be surgery followed by adjuvant therapy for high risk cases. 4 -6 CRC patients with advanced disease at diagnosis may receive first-line systemic chemotherapy, or chemotherapy and radiation therapy, either followed by surgery or used palliatively if surgery is not indicated. 5 Chemotherapy regimens using irinotecan in combination with 5-fluorouracil and leucovorin or other drugs are commonly prescribed for first-line and sequential therapy for metastatic CRC. 5, [7] [8] [9] In patients Ͼ50 years of age, about 15% have "distant" cancer and might be candidates for irinotecan therapy; however, no published data provide a direct estimate of potential irinotecan use. It seems likely that the number of patients who ultimately receive irinotecan will continue to increase as FDA approves other new chemotherapeutic agents that may be used with irinotecan in second-line therapy of CRC, and with the increase in the number of patients surviving to progress from first-line to second-line treatment. 5, 10 Irinotecan is a prodrug of the plant alkaloid camptothecin, a topoisomerase I inhibitor. [11] [12] [13] Irinotecan is activated by the enzyme carboxylesterase to the active metabolite SN-38. Metabolism of this active form of irinotecan (SN-38) to an inactive form (SN-38G) is catalyzed by hepatic and extrahepatic UGT enzymes. The major isozyme involved is UGT1A1, but others also have some role (UGT1A 6, 7, 9, 10). 14 One UGT1A1 polymorphism (*28) is most strongly associated with reduced clearance of the active form of irinotecan. Therefore, individuals with no copies of this polymorphism (UGT1A1 *1/*1) have average levels of the enzyme and will metabolize SN-38 more quickly than either heterozygotes (UGT1A1 *1/*28) or homozygotes (UGT1A1 *28/*28). Higher exposure of *28 homozygotes to the active form of the drug is thought to explain some of the adverse drug events (e.g., severe neutropenia and diarrhea) that increase morbidity and mortality directly or indirectly (e.g., delay chemotherapy). 12, 15 If the dosage of irinotecan in patients with metastatic CRC can be modified based on genotype while maintaining the effectiveness of cancer treatment, it is possible that some proportion of the severe adverse drug effects can be reduced. Whether this potential can be realized in practice, and whether reduction in dosage might negatively impact response to therapy, is unclear. In an attempt to answer this question, Evaluation of Genomic Applications in Practice and Prevention (EGAPP) commissioned an evidence-based review to address the following specific clinical scenario (overarching question):
Does testing for UGT1A1 mutations in patients with metastatic CRC treated with irinotecan lead to improvement in outcomes?
REVIEW OF SCIENTIFIC EVIDENCE
This statement summarizes the supporting scientific evidence used by the EGAPP Working Group (EWG) to make recommendations regarding UGT1A1 genotyping in patients with CRC treated with irinotecan.
Methods
EGAPP is a project developed by the National Office of Public Health Genomics at the Centers for Disease Control and Prevention designed to support a rigorous, evidence-based process for evaluating genetic tests and other genomic applications that are in transition from research to clinical and public health practice in the United States. 16 A key goal of the EWG is to develop conclusions and recommendations regarding clinical genomic applications and to establish clear linkage to the sup-porting scientific evidence. The EWG members are nonfederal multidisciplinary experts convened to establish methods and processes, set priorities for review topics, participate in technical expert panels for commissioned evidence reviews, and develop and publish recommendations. 17 Evidence reviews are designed around specific clinical scenarios from which analytic frameworks and key questions are constructed that are then converted into explicit literature strategies. Standard methods are used to judge the quality of the evidence at the level of individual articles, and the certainty of the body of evidence around a particular question. The process considers the evidence and selected contextual factors before reaching one of three general conclusions: (1) EGAPP recommends use of the test; (2) EGAPP recommends against use of the test; or (3) EGAPP finds the evidence insufficient to recommend use of the test. 18 Finally, EGAPP comments on key gaps in the evidence that might be addressed in future research.
The review focused on evaluation of UGT1A1*28 genotyping in whites. One technical contractor conducted an initial review of the literature on clinical validity and utility. A second review group completed the systematic review by searching literature on analytic validity and population allele/genotype frequencies, updating the previous searches, and performing summarization and statistical analyses before producing the final report. Methods followed in conducting this review are well described in the evidence report 19 and the accompanying article summarizing the evidence. 20 A Technical Expert Panel (including EWG members) advised the reviewers in designing the literature search strategies, defining study inclusion and exclusion criteria, extracting and evaluating the quality of evidence, developing evidence tables, and addressing various substantive questions as the review proceeded. The evidence report and this recommendation statement were each peer reviewed before being finalized. EWG members reviewed in the evidence report, examined other sources of information as needed to address specific gaps in the evidence, and considered contextual issues related to implementation of testing in clinical practice. The final recommendation was formulated based on magnitude of effect, certainty of evidence, and consideration of contextual factors.
Technology
When the UGT1A1 promoter has the wild-type sequence (TA) 6 TAA, levels of the UGT1A1 enzyme are normal. The insertion of an extra dinucleotide repeat in the promoter region of the gene-(TA) 7 TAA (UGT1A1*28 variant)-results in reduced gene expression. Resulting enzyme levels appear to vary substantially but are reduced by about 25% compared with normal in UGT1A1*28 heterozygotes, and by 50 -70% compared with normal in UGT1A1*28 homozygotes. 12, 21 The homozygous UGT1A1*28 genotype is found in about 10% of the North American population; prevalence is variable depending on race. 19, 20, 22 Several laboratories offer genetic testing for UGT1A1 variants using different test formats. Laboratories may develop and validate their own, in-house tests for UGT1A1 genotyping, known as laboratory developed tests. A significant development was the clearance by the FDA Center for Devices and Radiological Health (CDRH) of the Third Wave Invader ® UGT1A1 Molecular Assay (testing for UGT1A1*28 and UGT1A1*1) under 510(k) rules for Drug Metabolizing Enzyme Genotyping Systems. 23, 24 In approving companion diagnostics for drugs, CDRH requires evidence to support the test's clinical validity; data on clinical utility are reported if available but are not required. A change to the Camptosar® (irinotecan) (Pfizer, New York) package insert prescribing information had been approved by the FDA Center for Drug Evaluation and Research in 2004 in order to alert clinicians that a reduction in starting dose of the drug should be considered for UGT1A1*28 homozygotes, who are at increased risk for neutropenia. 22, 25 However, the revised prescribing information includes the caution that "the precise dose reduction in this patient population is not known and subsequent dose modifications should be considered based on individual patient tolerance to treatment." 22 
Analytic validity
Analytic validity refers to the test's ability to accurately and reliably measure the genotype of interest and includes measures of analytic sensitivity and specificity, reproducibility, assay robustness, and quality control. Four studies were identified that addressed analytic validity of genetic tests for UGT1A1 variants against the reference standard of sequencing. 24,26 -28 One describes a methodology not likely to be used in current practice (radioactive polymerase chain reaction [PCR]), 27 one provides data on denaturing high performance liquid chromatography (DHPLC), 28 and two report on tests using the Invader technology. 24, 26 Despite the heterogeneity in methods, the overall estimate of analytic sensitivity was 100% for UGT1A1 genotypes containing the *28 allele (referent test: sequencing; 95% confidence interval [CI] 98 -100%) and genotypes containing the less common*6 allele (referent test: PCR-RFLP [polymerase chain reaction-restriction fragment length polymorphism-based methodology]; 95% CI 98 -100%). Few data are available to support estimates of analytic sensitivity for other promoter (*36, *37) and exon 1 variants (*6, *27). 26 The overall estimate of analytic specificity was 100% (referent method: sequencing; 95% CI 97-100%). A subsequent study supported these earlier findings, comparing sequencing, the Invader in vitro device (IVD), and PCR/capillary electrophoresis. 29 A three-center study of assay reproducibility for the Invader IVD test is available as part of the FDA summary, and reported an overall correct call rate of 98.8%. 24 Estimates of first run failure rates in UGT1A1*1 and *28 were 5.0% for sequencing, 1.7% for PCR/capillary electrophoresis, 29 and 6.7% for an Invader research use only assay 26 ; all were resolved on repeat testing. The Invader IVD test had initial failure rate of 5.4% (95% CI 4.1-7.1%), most resolved by retesting, 24 but a more recent study reported the Invader test failed on first and second runs in 7.6% of samples (95% CI 3.5-13.9%). 29 An external proficiency testing program is available through the College of American Pathologists Pharmacogenetics Survey, cosponsored by College of American Pathologists and the American College of Medical Genetics. 30 
Analytic validity conclusions
The quality of evidence for the analytic validity of current UGT1A1 genetic testing methods is adequate, and available data indicate that both analytic sensitivity and specificity for the common genotypes (*1 and *28) are high. Estimates for rarer alleles were less reliable because of small numbers.
Clinical validity
The clinical validity of a genetic test defines how well test results correlate with the intermediate or final outcomes of interest.
Association of genotype with phenotypic markers (e.g., increased plasma SN-38 levels) and associated adverse drug reactions (e.g., severe neutropenia or diarrhea)
There is a clear association between UGT1A1 genotype and the ratio of the area under the curve (AUC) for SN-38G (inactive form) to the AUC for SN-38 (active form). Homozygotes (*28/*28) have about twice the exposure to the active form, due to slower metabolism of the drug compared with the wild genotype. 19 However, there is significant overlap in these ratios between the three main genotypes. Table 1 provides the rates of severe neutropenia and diarrhea and clinical response stratified by genotype.
Association of genotype with adverse drug reactions in observational studies
These results indicate a significant association between genotype and severe neutropenia at standard doses of irinotecan. There is a positive dose response between genotype and severe diarrhea, but this association is not statistically significant.
Association of genotype with tumor response in observational studies
At standard doses of irinotecan, the tumor response rates were 41% for wild type, 45% for *28 heterozygotes, and 70% for *28 homozygotes ( Table 1 ). The risk ratio for *28 homozygotes versus wild-type individuals is 1.70 (95% CI 1.24 -2.33), which is statistically significant. This suggests that wild-type individuals may be relatively under dosed, meaning that they are receiving a less-effective dose than *28 homozygotes at the same dose administered. That is, the higher serum levels of irinotecan in *28 homozygous individuals are associated with improved tumor response, compared with wild-type individuals.
Modeling
Modeling based on evidence to date suggests a tradeoff between the harms and benefits of dose reduction of irinotecan, based on UGT1A1 genotyping. 19, 20 If the reduction in dosage is highly effective in reducing or eliminating cases of severe neutropenia (70 -100% effective) then the avoidance of one case of neutropenia is associated with one additional unresponsive tumor. At lower rates of effectiveness (20 -50%), there are likely to be 2-5 times as many nonresponsive tumors as avoided cases of severe neutropenia.
Limitations
In general, evaluation of clinical validity was limited by the small number of studies. Further, some of the included studies did not focus exclusively on CRC patients. The majority of studies reported patients with Grade 3 and Grade 4 neutropenia as one group, making individual analysis for Grade 4 neutropenia not feasible. The clinical validity of UGT1A1 variants other than that of *28 in whites was not assessed.
Clinical validity conclusions
The EWG found convincing evidence for a significant association between UGT1A1*28 genotypes and the incidence of severe neutropenia at standard doses of irinotecan. The association between genotype and severe diarrhea is not as strong. There is a significantly higher tumor response rate in *28 homozygous individuals, suggesting that the standard dose of irinotecan may not be optimal for wild genotype individuals in terms of tumor response.
Clinical utility
The clinical utility of a genetic test is the likelihood that using the test to guide drug choice or dose will significantly improve health-related patient outcomes, such as fewer adverse events and/or reduced mortality. No studies addressed the influence of UGT1A1 genotyping results on irinotecan prescribing decisions. No studies used UGT1A1 genotyping to guide irinotecan choice or dose, and documented subsequent patient outcomes.
Observational studies in which individuals with all three genotypes were treated at standard doses show that *28 homozygotes are significantly more likely to have a responsive tumor than those with no copies. 31, 37 Heterozygotes have intermediate tumor response rates that are not significantly higher. Several, but not all, studies have shown longer survival among *28 homozygotes. 33,36 -38 These data suggest that reducing the dose of irinotecan (as would occur with personalized dosing) may result in patient harms due to the treatment being less effective. Further, it suggests that a higher dose might be warranted among individuals with one or no copies. Modeling suggests that even with high efficacy for targeted dosing to reduce adverse drug events, a reduced dose may lead to more cases of unresponsive tumors than adverse drug events avoided. A recent meta-analysis showed a statistically significant association between UGT1A1 genotype and severe neutropenia at medium and high doses of irinotecan (Ն150 mg/m 2 ) but did not find the association at doses Ͻ150 mg/m 2 . 39 These findings support an earlier suggestion that, unless patients receive irinotecan at a dose greater than150 mg/m 2 , either alone or in combination with a myelotoxic drug, or irinotecan at 100 mg/m 2 in combination with another marrow-toxic agent (e.g., oxaliplatin), the increase in risk for toxicity is "neither statistically nor clinically significant" and testing may not be warranted. 40 Additional research is necessary to better define the clinical utility of UGT1A1 testing.
Clinical utility conclusions
The EWG found no prospective trials showing that targeted dosing of irinotecan based on UGT1A1 genotyping could reduce the rates of adverse drug events. No evidence exists to support clinical utility for this clinical scenario. 
Research gaps
The EWG found the literature insufficient in many respects, and examining the deficiencies can be helpful in describing studies that could fill the gaps and help to set a research agenda.
• Prospective studies of UGT1A1 genotyping and clinical decision making and clinical outcomes (benefits and harms) are needed to answer the over-arching question of clinical utility. Best evidence would come from adequately powered, controlled clinical trials that compare patient outcomes when treatment is informed by genotyping tests versus empirical treatment. Such trials will be important to determine best management practices with respect to UGT1A1 testing.
• Alternatively, prospective studies could address more limited clinical scenarios, such as the potential value of using UGT1A1 testing to manage the subset of patients who have experienced serious adverse drug reactions with irinotecan, or who are already at increased risk for neutropenia based on other factors.
• Additional data and similar analyses are needed for other UGT1A1 polymorphisms, including distribution and allele frequencies in different racial/ethnic groups and their phenotypic effects.
• The association between UGT1A1 genotype and severe diarrhea is weaker and more variable than the association of UGT1A1 genotype and neutropenia. Additional welldesigned studies are warranted to help explain the heterogeneity in the literature and to more confidently estimate the true effect.
• Data to date suggest that the higher exposures to the active form of irinotecan (SN-38) experienced by *28 homozygotes may be associated with improved tumor response compared with individuals with one or no *28 alleles. Therefore, research should determine whether increases in irinotecan dose above current standard doses in individuals with one *28 allele or the wild genotype can safely increase drug level and improve tumor response.
• Prospective studies of patient outcomes, including modification of dosage based on genotyping results, are needed to determine and assess the magnitudes of benefits and harms.
• Introduction of tests should be accompanied by key measurements supporting the analytic sensitivity and specificity, reproducibility and robustness of the proposed method.
• General studies are needed to address the acceptability of pharmacogenetic testing to clinicians and to individuals with metastatic CRC. The possibilities of harm from stigma, discrimination or adverse family impacts from UGT1A1 genotyping in this context are low. Nevertheless, attitudes and subjective experiences with testing would be valuable to ascertain.
Recommendations of other groups
EGAPP did not find recommendations from other groups regarding UGT1A1 testing in patients treated with irinotecan.
Contextual issues important to the recommendation
There is insufficient evidence to support a recommendation for or against use of UGT1A1 testing in adults with metastatic CRC treated with irinotecan. In the absence of evidence supporting clinical utility, additional contextual issues were taken into account in formulating the final EWG recommendation.
Contextual issues that suggest the potential benefits of UGT1A1 genotyping
• CRC is a major public health problem in the United States, causing substantial morbidity and mortality.
• Irinotecan is a commonly used chemotherapeutic agent that appears to be effective as a first-line or second-line agent.
• Potentially avoidable irinotecan-related adverse reactions, such as severe neutropenia and diarrhea, are relatively common. Depending on severity, these adverse reactions can reduce overall quality of life and, in some cases, be life threatening.
• A number of therapeutic regimens are available for the treatment of CRC, including regimens that do not involve irinotecan. Therefore, individuals identified to be at increased risk for serious adverse reactions related to irinotecan may have alternative treatment options.
• UGT1A1 genetic testing may be of benefit in individual cases when used by knowledgeable practitioners who are informed about the potential benefits and harms of genotyping in this context.
• Considering patient preferences may be reasonable on a case by case basis to address patient preferences about risk factors and quality of life versus aggressive treatment to potentially improve effectiveness.
• Limited evidence for improved survival among *28 homozygotes suggests the possibility that wild genotype individuals are being under dosed.
Contextual issues that suggest the potential harms of UGT1A1 genotyping
• Utilization of UGT1A1 testing in this clinical scenario and impact on physician decision making is not known.
• Reductions in irinotecan dosage resulting from information gained through UGT1A1 genotyping may reduce tumor response and survival.
Other contextual issues regarding UGT1A1 genotyping
• Although the cost of UGT1A1 genotyping on an individual level may be relatively low in the context of cancer treatment, the potential for increased cost of widespread use may not be justifiable without evidence supporting clinical utility and improved outcomes.
• Other options may be considered for individuals who are homozygous for UGT1A1*28. For example, the National Comprehensive Cancer Network recommends pretreatment with colony stimulating factor for individuals at a 20% or higher risk of febrile neutropenia. 1
